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ABSTRACT 
The distribution of ATPase activity in the asynchronous flight muscles of Calliphora  eryth- 
rocephala  (Diptera) was studied at a fine structural level, using preparations of teased fibers, 
both unfixed and after brief fixation in hydroxyadipaldehyde, incubated in a medium for 
the histochemical demonstration of myosin or aetomyosin ATPase.  In relaxed fibrils,  ac- 
tivity was found confined to the A bands and was absent from the H  zones as well as from 
the Z and I band regions. At high magnification, deposits of final product, lead phosphate, 
appeared primarily related to the thick filaments, or to short lateral extensions from them. 
Evidence was gathered which indicated that this enzyme activity was that of a  triphos- 
phatase which did not act on dinucleoside or non-nucleoside substrates. 
The main flight muscles of certain insect orders, 
including the  Diptera,  are  unusual in exhibiting 
a contraction rate far in excess of that of the stimu- 
latory  motor  impulse  train.  The  fibers  of  these 
"asynchronous" muscles, when activated, exhibit 
very  rapid  oscillatory small-amplitude "contrac- 
tions"  and  "relaxations,"  and  generally operate 
the wing mechanism by means of cyclic deforma- 
tion of parts of the exoskeleton  of the wing-bearing 
segment of the thorax (1). The frequency at which 
such muscles operate may be many times that of 
the  fastest  vertebrate  or  "synchronous"  insect 
muscles;  Sotavalta  (2)  recorded  a  wing  stroke 
frequency of ca.  185 cycles/see in Calliphora  eryth- 
rocephala,  the  species  selected  for  this  study,  and 
considerably higher frequencies for certain other 
flies  (e.g.  200 to 500 c/see in mosquitoes, and ca. 
1000 c/sec  in the  midge Forcipomyia). 
"Asynchronous" insect muscles exhibit certain 
structural  features  (reviewed  in  3)  which  may 
parallel  their  unusual functional characteristics. 
Although the transverse component of the sarco- 
plasmic  reticulum  is  present,  the  longitudinal 
component is  greatly  reduced,  and  it  has  been 
suggested  (4) that this reduction may be associated 
with  modification or  lack  of  the  relaxing factor 
system thought to be associated  with the organelle 
in vertebrate muscles (5,  6).  Although the  myo- 
fibrils of these  muscles contain two  overlapping 
filament types,  they also  differ from the classical 
model of striated muscle in that narrowed deriva- 
tives or  extensions of the  thick  filaments extend 
from the A bands into the Z line itself (7). 
Chemically, both myosin and actomyosin have 
been prepared from these muscles.  The properties 
of  these  proteins  and  of  the  ATPase  associated 
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brate  muscles,  although  differing  from  them  in 
some  details  (8,  9).  However,  little  detailed  in- 
formation is as yet available concerning the chemi- 
cal  architecture  of  the  myofibrils,  and  the  possi- 
bility has not been excluded that this also may be 
modified  to  permit rapid  contraction. 
In previous experiments  (10)  a  method  for the 
demonstration of ATPase  activity was  applied  to 
the  electron microscope  study  of isolated  cardiac 
myofibrils.  Although  the  distribution  of  activity 
obtained was consistent with that predicted on the 
basis of the  distribution  of cross-bridges  between 
the  myofilaments,  direct  pictorial  localization  of 
activity to the thick filaments or to lateral projec- 
tions from them was not obtained.  In the present 
investigation,  this  method  was  applied  to  the 
study  of  fibrils  of  the  indirect  "asynchronous" 
flight muscle of Calliphora.  Since the double array 
of  thick  and  thin  filaments  is  seen  with  unusual 
ease in this type of flight muscle (11), it was hoped 
that with refined microscopic techniques the loca- 
tion of active sites could be more exactly related to 
the detailed filamental structure of the myofibrils. 
In  addition,  it  was  thought  that  histochemical 
studies of the distribution of the enzyme in  these 
muscles might shed some light on their adaptation 
for rapid contraction-relaxation cycles. 
MATERIALS  AND  METHODS 
The dorsal longitudinal flight muscles of the blowfly, 
Calliphora erythrocephala, were  employed.  Although in 
some  experiments  unfixed  muscles  were  used,  in 
most  instances  a  brief  fixation  in  hydroxyadipal- 
dehyde  (12)  was  carried  out  before  the  incubation 
procedure.  Thoraces  of  adult  blowflies,  obtained 
from a  laboratory stock culture, were separated from 
head  and  abdomen  in  a  drop  of fixative  and  were 
fixed at 4°C for 30 minutes in 6.5 per cent hydroxy- 
adipaldehyde in 0.05 M cacodylate buffer, containing 
0.4 M sucrose,  at pH  6.8.  After fixation the thoraces 
were  transferred  to  0.05  M cacodylate  buffer  con- 
taining 0.4 M sucrose, pH 6.8. The flight muscles were 
dissected out and gently teased to disrupt the sarco- 
lemina  of  the  very  large  muscle  fibers.  After  two 
washes  in  buffer,  with  a  total duration  of about  90 
minutes, the fibers were transferred to the incubating 
medium. Other muscles were removed directly to the 
incubating medium  without  prior  fixation,  or  were 
cut  free  from  their  thoracic  attachments  before 
incubation, with or without prior fixation. 
The  incubations  were  conducted  in  a  medium 
consisting of 0.002 M ATP, 1 0.04 M CaCI~  or 0.05  M 
1 ATP,  adenosine  triphosphate ;  ADP,  adenosine 
MgC12,  and  0.005  M Pb(NO3)2,  titrated  to  pH  6.5 
and  filtered  to  remove  precipitate  which  formed 
during  titration  (presumably  a  lead-ATP complex). 
Control  experiments  were  conducted  in  which  the 
substrate,  ATP,  was  omitted,  and  in  which  it  was 
replaced  by  the  same  concentration of ADP,  ITP, 
IDP,  or thiamine pyrophosphate, usually with Ca as 
activating  ion.  In  additional  experiments,  muscles 
were preincubated for 30 minutes with 0.1  M N-ethyl 
maleimide  at  pH  7.2,  then incubated in  a  medium 
containing ATP  and either Ca or  Mg  as  activating 
ion. 
Incubations with ATP as substrate were continued 
until the reaction had reached the desired degree of 
intensity.  This  was  judged  by  light  microscope 
observation of washed  muscle  fibers  in  which  lead 
phosphate had been converted to  black lead sulfide 
by treatment with ammonium sulfide. This degree of 
reaction  was  usually  reached  in  30  minutes,  and, 
accordingly,  control  incubations  were  ended  after 
this time had elapsed.  The tissues were then washed 
briefly  in  buffer,  fixed  at  4°C  in  1  per  cent  OsO4 
buffered  with  Veronal-acetate,  and,  after  rapid 
dehydration  in  graded  alcohols,  were  embedded  in 
Araldite or Epon. Thin sections, mounted on carbon- 
coated  grids,  were  routinely  stained  with  lead 
hydroxide and studied with a Philips 200 or a Siemens 
Elmiskop I  microscope. 
RESULTS 
Light  microscopy  either  of  whole  mounts  or  of 
thick  sections  of  material  embedded  in  plastic 
revealed a moderately disrupted fiber architecture 
(Fig.  1). Although in many places the sarcolemma 
was intact, it was frequently found to be ruptured, 
and the underlying fibrils more or  less separated. 
It was in  these  regions that fibrillar reaction was 
usually found. The A  bands of such reactive fibrils 
appeared  brown  to  black  when  studied  with  the 
light microscope  (Fig.  1  a)  and  were  markedly 
increased in density when studied with phase op- 
tics  (Fig.  1  b).  Control  preparations  were  uni- 
formly unstained. 
Rather  little reaction was  seen in extrafibrillar 
locations  in  these  preparations.  Sarcosomes  were 
unrcactive  in  material  incubated  with  Ca  as 
activating ion,  though when  Mg  was  used  these 
structures occasionally contained deposits  of final 
product (Fig. 2).  In material incubated with ATP 
as substratc and with either Ca or Mg as  activat- 
ing ion,  a  fine dark  line was frequently visible at 
the  margin  of  relatively  intact  portions  of  the 
diphosphate; ITP, inosine triphosphate; IDP, inosine 
diphosphate. 
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graph of a  1-micron  section of Calliphora 
flight muscle,  incubated  in  the  Ca-ATP 
medium,  and  treated  with  ammonium 
sulfide.  Where  the  plasma  membrane  is 
intact  (between  asterisks),  the  under- 
lying fibrils arc unreactive. Elsewhere the 
intensity  of  the  reaction  demonstrating 
ATPase activity is greatest in the outer- 
most fibrils  (arrows)  exposed by rupture 
of  the  plasma  membrane,  and  decreases 
sharply  deeper  in  the  fiber.  Reacted 
fibrils may also conveniently be identified 
in  phase  contrast  (Fig.  1  b),  where  the 
most  intensely  stained  fibrils  appear 
lighter than  other fibrils.  X  1200. 
muscle fibers; this line was presumed  to represent 
stained  sarcolemma. 
Although  electron  microscopic  examination  of 
hydroxyadipaldehyde-fixed  material  revealed  a 
certain  amount  of  mitochondrial  swelling  and 
disruption,  both  in  these  preparations  and  in 
sections  of  fibers  unfixed  before  incubation  the 
details  of fibrillar  architecture  were  found  to  be 
well  preserved;  thick  and  thin  filaments  were 
resolved,  together with structures  apparently  cor- 
responding  to  the  "cross-bridges"  of  vertebrate 
striated muscle. 
The  detailed  organization  of these  muscles  has 
been  described  by Chapman  (13),  Edwards  et al. 
(14),  Huxley and  Hanson  (15),  Smith  (4),  Shafiq 
(16,  17),  and  Auber and  Couteaux  (7).  However, 
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cussion  to follow,  that  in  these muscles the  struc- 
ture  and  arrangement  of the  filaments  within  the 
sarcomere  deviate  from  the  pattern  classically 
described in vertebrate muscles (18). In the A band 
the  filament  array  is  such  that  profiles  of  thin 
filaments lie opposite to  and  midway between the 
thick filaments  (16).  The filaments themselves are 
larger  than  those  of  vertebrates  (thick  filament 
diameter  160  A,  thin  filament 90  A),  and,  in  the 
A bands,  the  thick  filaments  appear  to  have  a 
center  of low density,  both  in  stained  and  in  un- 
stained  material.  In  the  H  zone  this  hollow  ap- 
pearance  is lost,  and  thick  filaments  appear  solid 
in  cross-section.  In  addition,  in  Calliphora,  as  in 
the flight muscles of other Diptera,  the  thick fila- 
ments do not terminate at a clearcut A-I junction, 
but  instead  taper  to  the  dimensions  of thin  fila- 
ments,  and  appear  to  extend  into  the  Z  line  (7). 
Thus,  in  cross-sections  through  the  I  bands, 
what  appears  as a  double hexagonal array of thin 
filaments  is  seen,  composed  of the  thin  filaments 
proper  and  of the narrow  extensions of thick  fila- 
ments. 
In reactive regions of the fiber,  the intensity of 
deposition  of  final  product  varied  considerably. 
The phase contrast and low power electron micro- 
graphs shown in Figs.  1 and 4 illustrate the typical 
pattern  of  this  variation:  the  outermost  fibrils 
were  most  heavily  reacted,  and  deposits  of  lead 
phosphate  decreased  progressively  in  size  and 
abundance  in  the underlying  fibrils.  Those fibrils 
that  bore  heavy  deposits  of final  product  clearly 
indicated  the  gross  topographical  distribution  of 
the  reaction  with  respect  to  the  striation  (Figs. 
2,  3),  but were unsuitable for more detailed study, 
since  the  filamental  array  was  obscured.  Exami- 
nation  of  the  spatial  relationship  between  the 
precipitated lead phosphate  and  the myofilaments 
was carried out on very lightly reacted fibrils (Fig. 
4,  fibril 3; Fig.  5).  In longitudinal sections of such 
fibrils the flecks of reaction product were generally 
located  either  on  or  immediately  lateral  to  the 
thick  (myosin)  filaments  within  the  A  band; 
only  where  these  were  larger  than  the  interfila- 
ment spacing did they commonly overlap the thin 
(actin)  filaments  (Fig.  6).  The  smaller flecks  (ca. 
50  A)  were  often  closely apposed  to  small lateral 
projections,  presumably  corresponding  to  the 
"cross-bridges"  of vertebrate striated  muscle  (Fig. 
6).  The  double  hexagonal  array  of filaments was 
resolved in  transverse  sections of fibrils reacted to 
a similar degree (Fig. 7),  and in these preparations 
it was found that the small particles of final prod- 
uct  were  situated  in  close  apposition  to  the 
periphery  of  the  thick  filaments,  and  were  not 
centered  on  the  intervening  thin  filaments. 
In these preparations,  activity was  absent  from 
the  H  zone  (Figs.  5  and  6)  and  from  the  Z  line 
(Fig.  5).  However,  although  activity was  related 
to  the  thick  filaments within  the  A  band  proper, 
the  narrow  regions of the  sarcomere flanking  the 
Z  lines  and  containing  the  tapered  extremities of 
the thick filaments were found to be inactive (Figs. 
3  and  5).  At the junction  of reactive and  unreac- 
tive zones, a narrow band was often seen in which 
deposits  of  final  product  were  unusually  large 
(Fig.  3).  This was flanked, in many specimens,  by 
a  region in the A  band  in which deposits of final 
product  were  relatively  sparse.  Although  such  a 
FIGURE ~  Low power electron micrograph of a heavily reacted fibril of CaUiphora flight 
muscle,  incubated in the Ca-ATP medium. Seven sareomeres  are included, and, in each, 
deposits of reaction product are restricted to the A bands,  which are sharply demarcated 
from tile unreactivc Z and H  band  regions.  )<  10,000. 
FIGURE 3  A portion of a fibril similar to that  shown in Fig. ~2, at higher magnification. 
Note the heavily reacted A bands,  and the virtual absence  of particles of lead phosphate 
in the Z and H  band regions.  Very narrow unreacted regions  (accounting for about 8 per 
cent of the total sarcomere length)  adjoin each Z line.  These are believed to represent I 
bands, the shortness of which reflects the small change in sarconmre  length undergone dur- 
ing the  contraction  of  asynchronous  flight muscle.  Though  such  heavily reacted  fibrils 
display clearly the gross distribution of ATPase activity in the sarcomere, fibrils  showing 
relatively few particles of the reaction product are required for precise  localization of  the 
deposits with respect to the filament array (cf. Fig. 5). m, mitochondrion.  X  34,000. 
124  THE JOURNAL OF  CELL BIOLOGY • VOLUME  ~5, 1965 FIGURE 4  Electron micrograph of a peripheral region of a transversely sectioned Calliphora flight muscle 
fiber, incubated in the Ca-ATP medium. Note the heavy deposits of lead phosphate, denoting ATPase ac- 
tivity associated with the plasma membrane (pm); where the latter has been ruptured (*), the incubation 
medium has diffused into the fiber. There myofibrillar ATPase activity is revealed by heavy deposits of 
reaction product in the outermost fibrils, and progressively lighter deposits in fibrils farther from  the 
break in the membrane (e.g.,  compare fibrils 1, 2, 3  and 1', 2', 3'). No reaction product is present in the 
mitochondria (m).  X  18,000. 
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its  occurrence  did  not  appear  to  depend  on  the 
conditions  of  incubation,  nor  was  its  presence 
related to sarcomere length. 
Regardless  of  the  activating  ion  employed, 
preparations  incubated  without  substrate  were 
inactive  (Fig.  8).  Similarly,  when  /3-glycerophos- 
phate,  thiamine  pyrophosphate,  IDP,  or  AMP 
was  substituted  for ATP  as  substrate,  no  activity 
was  seen,  although  when  ADP  was  used  as  sub- 
strate  there  was  minimal  activity.  This  activity 
might  have  been  due  to  ATP  contaminating  the 
ADP,  or  to  myokinase  generation  of ATP  from 
ADP.  On  the  other  hand,  when  ITP  replaced 
ATP  as  substrate,  somewhat  more  fibrillar  ac- 
tivity was  seen.  In  both  cases  the  distribution  of 
precipitated  lead  phosphate  was  identical  with 
that  obtained  with  ATP  as  substrate. 
The  results  of  incubation  with  N-ethyl  male- 
imide depended on the activating ion present in the 
incubation  mixture:  although  activity was  signifi- 
cantly reduced in the presence of Ca,  in the pres- 
ence of Mg it was often relatively increased. Under 
such conditions of incubation,  splaying out of the 
myofilaments  and  disruption  of  myofibrils  was 
often  seen,  particularly  at  the  periphery  of  the 
fibers. 
DISCUSSION 
In a previous study using this method for localizing 
myofibrillar  ATPase  activity  (10),  characteriza- 
tion  of the  enzyme  and  its probable  identity was 
emphasized, and elegance of morphological preser- 
vation  was  largely  sacrificed  to  that  end.  In  the 
experiments  reported  here,  we  were  primarily 
concerned  with  the  detailed  localization  of  ac- 
tivity, with  respect  to  both  the  double  filamental 
array  of  this  striated  muscle  and  its  somewhat 
specialized  structure.  Therefore,  characterization 
of the enzyme, in terms of activators and inhibitors, 
substrate  specificity,  etc.,  was  limited  to  the  es- 
tablishment  of  a  correspondence  in  properties 
between  the  insect  fibrillar  ATPase  and  that 
found  in cardiac myofibrils, presumed  to  be myo- 
sin or actomyosin ATPase. 
In  this  material,  good  pictorial  evidence  for 
localization  of  activity  in  association  with  thick 
filaments  was  obtained;  as  has  been  noted,  de- 
posits  of  final  product  were  usually  closely  ap- 
posed  to  the  thick  flaments.  Only when  deposits 
of final product were as large as or larger than the 
distance  between  filaments  did  they  overlap  the 
thin filaments. When precipitates were sufficiently 
small  so  that  the  details  of underlying  structure 
could  be  seen,  they  appeared  to  be  related  to 
rather  short  lateral  projections  from  the  thick 
filaments. These projections presumably represent 
the  counterpart,  in  these  muscles,  of  the  cross- 
bridges  described  by  Huxley  (18)  from  rabbit 
psoas muscle. 
As in  cardiac muscle,  activity was  absent  from 
the  H  zones  of these  insect  fibrils  and  was  also 
absent  from narrow  regions  adjoining  the  Z  lines 
containing  the  tapered  portions  of the  thick  fila- 
ments.  These regions correspond,  topographically 
at least,  to the  I  bands  of vertebrate muscle.  This 
finding  is  of  particular  interest,  since  it  clearly 
suggests  that  the  terminal  portions  of  the  thick 
filaments differ chemically as well as morphologi- 
cally  from  the  body  of the  thick  filaments.  The 
nature  of the  difference  between  the  main  shaft 
and  the  tapered  portions  of  the  thick  filaments 
cannot  be  determined  from  these  experiments. 
It is interesting,  however,  that  although  the mor- 
phological  pattern  of  "overlapping"  sets  of  fila- 
ments has been modified in these specialized insect 
fibrils,  a  basic  pattern  of  ATPase  distribution 
persists  which  is  comparable  with  that  found  in 
other muscles. 
In the  preceding discussion,  reference has  been 
made  to  the  activity demonstrated  as  "fibrillar" 
ATPase rather than to "myosin" or "actomyosin" 
ATPase.  This terminology has been  used  deliber- 
ately, for in this system it is difficult to determine 
whether  or not the  proximity of actin  is essential 
for the demonstration  of a  potentially  active site. 
In  particular,  we  cannot  be  sure  whether  the 
absence of histochemical activity from the H  zone 
is due  to  the  absence  of H  meromyosin from  the 
thick filaments in this region, or whether  the lack 
of activity is instead  due  to  the lack of proximate 
actin. Thus,  although the presence of final product 
may  be  taken  to  suggest  the  presence  of  active 
sites within the A  band,  in the H  zone the absence 
of final product cannot be taken as strong evidence 
for their  absence.  Similarly,  the  somewhat  spotty 
activity obtained  in  these  preparations  cannot  be 
taken  to  indicate  a  spotty  distribution  of the  en- 
zyme,  but  rather  should  be  considered  a  reflec- 
tion  of partial  inhibition  of activity in  the  histo- 
chemical incubation. 
In  addition  to  the  fibrillar  activity  described, 
ATPase  activity  was  also  found  associated  with 
other structures  in the muscle fiber. After incuba- 
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casional  sarcosomes  contained  large  precipitates 
of  lead  phosphate  which  could  not  be  exactly 
localized within the organelle. If Ca was present as 
activating  ion,  no  sarcosomal  activity  was  seen. 
Sarcolemmal activity was  also consistently found. 
Such activity has been seen in all muscles studied 
to date, but the organization of these asynchronous 
insect  muscles  offered  an  ideal  opportunity  to 
study both the ATPase activity of the sarcolemma 
and  its function  as a  barrier  to one or more con- 
stituents  of the  incubating  medium.  Although  in 
other  muscles  the  effect of the  sarcolemmal  bar- 
rier,  operationally,  has  been  to  limit the types of 
preparation  which  could  be used  in  studying  the 
distribution  of the fibrillar ATPase,  the large size 
of these muscle fibers and the ease with which the 
sarcolemma  could  be  locally ruptured  to  expose 
the  myofibrils made  it  possible  to  study  activity 
in both locations. 
The results of this investigation appear  unequi- 
vocally to support the localization of myosin ATP- 
ase to the thick filaments,  and,  so far as these can 
be resolved, to lateral projections from them. The 
evidence presented  here,  demonstrating  the  gen- 
eral  similarity  in  the  distribution  of myofibrillar 
ATPase activity in Calliphora  flight muscle and  in 
vertebrate  striated  muscle,  suggests  that  although 
the  precise  arrangement  of  the  filaments  within 
the  sarcomeres  of  the former  has  been  modified 
from  the  vertebrate  plan,  the  two  types  share  a 
common  ATPase-associated  contractile  mecha- 
nism. 
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Note  added  in  proof:  Recently Jewcll,  Pringle,  and 
Riiegg (J. Physiol.,  1964, 173,  6P)  have found it pos- 
sible to obtain prolonged, stable,  oscillatory contrac- 
tion cycles in the  asynchronous  hemipteran  muscles 
by incubation in a medium containing ATP and low 
(8  X  10  -s M) concentrations of Ca. 
(For References,  see p.  135.) 
FIGURE 5  Longitudinal section of a lightly reacted fibril of Calliphora  flight muscle, in- 
cluding most of one sarcomere.  Particles of the reaction product  are scattered  sparsely 
throughout the A bands, or in the mitochondria (m). A portion of this field is reproduced 
at  higher magnification in  Fig.  6.  )<  66,000. 
128  THE JOURNAL OF CELL BIOLOGY • VOLUME  ~5, 1965 Lois  W.  TIcE  AND DAVID  S,  SMITH  Localization of Flight Muscle A TPase  129 FIGURE 6  Illustrating the mid-sarcomere region of a  lightly reacted fibril.  Note the H 
zone and the M band; the thick (myosin)  filaments and the thin (actin) filaments of the 
lattice (respectively 1 and 2) alternate throughout the field. Dense particles of lead phos- 
phate are scattered throughout the field except in the H  region.  Some of these, e.g. those 
marked with asterisks, are too large for their precise localization to be ascertained, hut 
the majority of tile smaller particles (arrows,  and elsewhere)  lie superimposed upon the 
thick filaments, immediately lateral to them, or extending between adjacent thick and 
thin filaments. These deposits are believed to reveal sites of myosin or actomyosin ATPase 
activity. X  105,000. 
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muscle,  incubated in  the  Ca-ATP  medium.  The  double hexagonal array  of myosin  (1) 
and actin  (2)  filaments, in the configuration characteristic of insect muscle, is resolved. 
Numerous  small particles of lead phosphate, considered to  indicate sites of ATPase ac- 
tivity,  are present; where these are sufficiently small for their  localization to  be  deter- 
mined (e.g. arrows and elsewhere), they arc found to lie at the periphery of the thick fila- 
ments.  )< ~00~000. 
132  TRE  JOURNAL OF  CELL  BIOLOGY '  VOLUME ~5,  1965 Lois  W.  TICE  AND  DAVID S,  SMITH  Localization of Flight Muscle ATPase  133 FIGURE 8  A longitudinal section of a fibril incubated in the medium without substrate. No final product 
is seen.  X  1~0,000. 
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